The dual frequency signals from the GPS satellites recorded at Rajkot (22.29 • N, 70.74 •
Introduction
The ionospheric effect on satellite communication, satellite tracking and navigational control application are directly proportional to the Total Electron Content, (TEC). Now it is well accepted that a GPS-based navigation system provides accurate, continuous, all-weather three-dimensional location of a user and in recent years the dependence on this navigation system has increased drastically. When the GPS signals propagate through the ionosphere, the carrier experiences a phase advance and the code experiences a group delay due to the total number of free electrons along the path of the signals from the satellite to the receiver. Therefore, the carrier phase pseudoranges are measured too short and the code pseudoranges are measured too long compared to the geometric range between the satellite and the receiver. This results in the degradation of the positional accuracy provided by the GPS receiver (Hofmann-Wellenhof et al., 1992) . The effect on the range may vary from the furthest distance of more than hundreds of meters (at mid day, during the period of maximum sunspot activity, with the satellite near the horizon of the observer) to the closest distance of less than a few meters (at night, during the period of minimum solar activity, with the satellite at the zenith). Among the different sources of GPS positional errors, ionospheric delay, which is proportional to the TEC, is the highest contributor. Therefore, in order to get better positional accuracy, it is necessary to have a precise knowledge of the accurate value and the variations of the TEC at different geographical locations and under different geophysical conditions. TEC variations with local time, season, and solar activity has been studied extensively over the past few decades (Rastogi et al., 1971; da Rosa et al., 1973; Van Velthoven, 1990; Feitcher and Leitinger, 1997; Warnant et al., 2000; Gupta and Singh, 2000; Wu et al., 2008) . In the past three decades, several individual measurements of TEC at various locations in India have been made using the available low earth orbiting satellites as well as geostationary satellites (Rastogi and Sharma, 1971; DasGupta and Basu, 1973; Rastogi et al., 1975; Rama Rao et al., 1977; Davies at el., 1979) . All these studies have shown the characteristic features of the Total Electron Content (TEC) for the Indian region. With the advent of GPS satellites, GAGAN (GPS Aided GEO Augmented Navigation) network of stations monitoring TEC and scintillations in the Indian subcontinent have been established. Using this data and other individual GPS TEC measurements, ionospheric TEC variations have been investigated at a few Indian stations: for example at Waltair (Rama Rao et al., 2005) , in the equatorial region and at Udaipur, near the anomaly crest region (Pandey and Dashora, 2006) .
Equatorial Ionosphere exhibits large spatial gradients in electron density due to the well-known equatorial ionization anomaly (EIA) with a trough at the equator and a crest at ∼15 • north and south geomagnetic latitudes. Rastogi and Klobuchar (1990) , using ATS-6 TEC measurements from India, have shown a large day to day variability in the location of the anomaly crest in the Indian sector and its dependence on the equatorial Electrojet and counter Electrojet. Sethia et al. (1980) and Balan and Iyer (1983) have shown that the Electrojet has a pronounced influence on the development of EIA in TEC, based on the sparse data of previous satellites of opportunity.
The present paper describes the TEC behavior using GPS dual frequency measurements at Rajkot, situated near the anomaly crest in India, during the low sunspot activity period 2005 to 2007. Also, some limited data set from the latitudinally distributed chain of GPS receivers, installed as a part of GAGAN program, around the same longitude, which is ideal for the study of EIA, is used to study the control of the Equatorial Electrojet on the EIA.
Ionospheric TEC measurements using the dual frequency GPS signals
The Slant Total Electron Content (STEC) is the measure of the total number of free electrons in a column of the unit cross section along the path of the electromagnetic wave between the satellite and the receiver. The total number of free electrons is proportional to the ionospheric differential delay between L1 (1575.42 MHz) and L2 (1227.60 MHz) signals.
where N is the electron density; 1 TEC Unit = 10 16 electrons/m 2 .
In practice, STEC is obtained from the dual frequency code measurements, given by
For our purpose, we use STEC measured by the receiver at every 30 s. The measured STEC is corrected for the receiver differential delay TEC CAL .
In the above Eq. (1), TEC cal represents the bias error correction and is different for different satellite-receiver pairs. In the present study, the receiver part of the above bias is corrected by taking the value of 0.793 TECU supplied by the manufacturer by calibrating the receiver against Wide Area augmentation system (WAAS). As we are mainly concerned with variations of TEC, the above approach is satisfactory. This procedure gives the corrected slant TEC. As slant TEC is dependent on the ray path geometry through the ionosphere, it is desirable to calculate an equivalent vertical value of TEC which is independent of the elevation of the ray path. The Vertical TEC is obtained by taking the projection from the slant to vertical using the thin shell model assuming a height of 350 km, following the technique given by (Klobuchar, 1986) :
where R e =6378 km, h max =350 km, θ = elevation angle at the ground station. Rama observed that the IPP (Ionospheric Pierce Point) altitude of 350 km is valid for the Indian region for satellite elevation angle greater than 50 • . For the satellite elevation angle lower than the 50 • , they further showed that the calculated VTEC is critically dependent on the IPP latitude.
A program is developed to perform the data sorting and analysis for the long-term study. To obtain the vertical TEC at Rajkot, we are restricted to a longitude grid of ±2 • and latitude grid of ±2 • from the observing station, in addition to the 50 • elevation cut-off.
Observations, results and discussion
In order to study the TEC variations with local time, season, solar activity and geomagnetic condition, we have used a data base from April 2005 to December 2007 recorded at Rajkot (with an exception of some months when observations were disrupted by instrument problems). To study the electorjet effect on low latitude TEC, we have used the magnetic data [ H (Tirunelveli)-H (Alibag)] provided by the Indian Institute of Geomagnetism, Mumbai, India. During the period of observation, the solar 10.7 cm flux decreased from 82.6 sfu to 67.3 sfu (1 Solar Flux Unit (sfu)=10 −22 watt m −2 Hz −1 ).
Diurnal variation of TEC
The diurnal pattern of TEC exhibits a steady increase from about sunrise to an afternoon maximum and then falls to attain a minimum just before sunrise. The diurnal characteristics of TEC have seasonal, solar activity, geomagnetic activity and latitudinal dependence. Figure 1 shows the diurnal pattern for a typical quiet day of 17 April 2005 (A p =4) derived from TEC value for every minute. It is derived for a ±2 • latitude and ±2 • longitude bin from the Rajkot for all the visible satellites. The variations can be divided into three different sections, namely: the build up region, the day time plateau and the decay region. The diurnal variation in TEC at Rajkot exhibits many characteristics typical to low latitude ionosphere such as a TEC minimum at pre-dawn and gradual increase with the time of day attaining a maximum in the afternoon and a gradual decrease after sunset. The daily peak occurs around 14:00 IST (IST=UT+5.5 h). In low latitude regions, the highest daytime peak TEC values depend greatly on the strength of the equatorial ionization anomaly. Figure 2 shows the mass plots of TEC diurnal variations for the months of 2005, 2006 and 2007. These curves show appreciable day to day variability. The day to day variability of TEC is contributed by the various parameters like EUV flux, geomagnetic activity (Dabas et al., 1984) , Electrojet strength and local atmospheric conditions in the thermosphere (Rama Rao et al., 1980) etc.
Seasonal variation of TEC
The mean diurnal TEC variations during different seasons recorded at Rajkot for the years of [2005] [2006] [2007] , are shown in Fig. 3 . The TEC values are high in equinoctial months followed by more or less similar values in summer and winter. Thermospheic neutral composition has a direct control on the seasonal variation of TEC. During the daytime, the equator is hotter than the pole therefore meridional wind flows towards the pole from the equator. This flow of meridional wind changes the neutral composition and O/N 2 decreases at equatorial and low latitude stations. In equinox, this decrease will be maximum. At 350 km altitude (F2 layer), N 2 dissociation is the major process which removes ambient electrons. Hence, the decrease in O/N 2 ratio will result in higher electron density and therefore in equinox TEC will be highest.
There is a sharp daily maximum during 2005-2006 compared to 2006-2007 for all seasons. During the low solar activity period, the seasonal variability of daily peak TEC is comparatively low which agrees with the results shown by Modi and Iyer (1989) . Figure 4 shows the month to month variation of monthly mean diurnal peak TEC values.
The diurnal peak TEC shows semiannual variation with a peak during the equinox period and a trough during the solstice period. As the solar flux value decreases from 2005 onwards, the measured TEC also exhibits lower magnitude [2005] [2006] . The spring equinox shows larger value than the autumn equinox.
Solar activity dependence of TEC
The Sun emits a wide spectrum of radiation along with high energy particles. Along with the sunspot number, the flux of the Sun's radio emission at a wavelength of 10.7 cm (2.8 GHz) is a useful indicator of solar activity relevant for ionospheric effects. Rama Rao et al. (1985) reported the direct control of solar activity on the ionization level, with higher values during a high solar activity period and low value during a low solar activity period. Although the range of solar flux variation during the present period of observation is very limited, Fig. 5 shows high positive correlation (Correlation Coefficient R=0.99) between daytime peak TEC and the solar F10.7 flux. During the period of a low sunspot number, the TEC builds up quite slowly, resulting in a low value of day maximum. Warnant et al. (2000) have reported higher values of TEC with increasing solar activity.
TEC variations during a space weather event
The effect of a geomagnetic storm on the ionospheric electron content has been studied by many workers (Jakowaski et al., 1999; Sastri et al., 2002; Maruyama et al., 2004; Mannucci et al., 2005) . Pandey and Dashora (2005) reported both positive and negative storm effects using GPS TEC measurements at Udaipur (26.4 • N 73.7 • E, Geographic,15.6 • N Geomagnetic), a station near the anomaly crest. The TEC response to the storm depends on the local time of the Storm Sudden Commencement (SSC). In the case of a day time SSC storm, a prompt penetration electric field directed eastward raises low latitude plasma upward due to the E×B drift where the recombination rate is slow. An increase in the electrodynamic drift will lift more plasma from the equatorial region which diffuses down along the field lines to higher latitudes and results in the increase of the TEC at stations under the anomaly crest region. From the ATS-6 observation in India, Jain et al. (1978) presented the daytime storm effect on TEC with respect to Equatorial Electrojet.
The effect of a typical geomagnetic storm of 24 August 2005 (SSC at 14:00 IST) on TEC variation at our latitudes, is shown in Fig. 6 . Figure 6a −216 nT during the storm period at 19:00 IST on 24 August, after 5 h of storm commencement and the corresponding, K p value is 9 and A p value is 102. TEC shows an increment of 20 TECU on the day of 24 August at 18:00 IST, with respect to average quiet days' value. On 25 August, it decreases by 18 TECU with respect to average quiet days' value. As the SSC occurred at sunlit hours, the daytime eastward electric field is probably enhanced due to prompt penetration of interplanetary electric field before the shielding occurs, which is responsible for the TEC increase on the SSC day of 24 August 2005. D st decreased at a rate of 26 nT/h between 15:00 and 16:00 IST after onset at 14:00 IST. Then it fluctuated up and down between 16:00 IST and 18:00 IST. It decreased at a rate of 158 nT/h between 18:00 and 19:00 IST. TEC increase is also seen at 18:00 IST on 24 August. This is the direct evidence of a PP electric field over low and equatorial latitudes during the time of maximum rate of decrease of D st . IEFy maximum value of 29.53 mV/m at ∼16:31 IST is inferred at the equatorial ionosphere, from the calculations based on ACE data. It is reasonable to expect an ionospheric response time of ∼1.5 h (from 16:31 to 18:00 IST) from the time of impingement of electric field and ionospheric TEC enhancement near the anomaly crest, also observed by Tsurutani et al. (2008) for the 30 October 2003 storm.
The enhanced electric field results in the stronger plasma fountain which transfers more plasma to anomaly crest regions. A similar increase of TEC was reported for the super storm of 20 November 2003 in the Brazilian low latitude sector by Becker-Guedes et al. (2007) . The subsequent day decrease (negative storm phase) may be due to thermospheric winds and neutral composition changes produced by the storm time Joule heating. During the storm onset [O/N 2 ] decreases at high latitudes and enhanced at lower latitudes (Meier et al., 2005) . The pre-storm enhancement on 23 August 2005 may be due to the enhanced zonal electric field or vertical drift. This may be due to the aftermath of a previous geomagnetic activity or direct mapping of a magnetospheric (Interplanetary) electric field to the equatorial electric field or the effect of a planetary wave activity as discussed by Liu et al. (2008) . It needs further investigation to ascertain the exact cause.
The penetration of a magnetospheric electric field equatorward of the mid latitude shielding region occurs during the time of rapid changes in D st with time (as in this case between SSC and D st min). PP effect occurs in the specific longitude sector for which the early evening period corresponds to the time of rapid D st change and minimum D st . Such penetration effects were reported by Batista et al. (1991) for the great magnetic storm of 13 March 1989, by Basu et al. (2001) (2007) all for the equatorial and low latitude region. The PP electric field effects are generally sharp and short lived (<1 h) (Fejer and Emmert, 2003) similar to that observed by the TEC increase on 24 August in this case. A more slowly varying (a few to several hours) low latitude disturbance negative effects, during and upto a day or two after the D st minimum occurs (storm recovery phase), as observed on 25 August in this case are generally due to a disturbance dynamo electric field (Blanc and Richmond, 1980; Spiro et al., 1988) or due to thermospheric composition changes (Greenspan et al., 1991) . In the present case, the GUVI maps support the latter mechanism though the role of a disturbance dynamo electric field cannot be ruled out.
Equatorial Electrojet control on low latitude TEC
Equatorial Electrojet (EEJ) is an intense eastward current flowing in the equatorial ionospheric E-region at about a 105 km altitude. As it is already mentioned in the introduction, EEJ controls the strength and latitudinal extent of equatorial ionization anomaly. In our study, we have tried to study the TEC variation under strong, weak and counter Electrojet conditions for four geomagnetically quiet days. In Fig. 8 , we plot the diurnal variation of TEC at Rajkot for the four different cases: (a), 9 April 2005 (A p =3), strong Electrojet day with EEJ peak value of 81, TEC attains the value of ∼70 TECU on this day and the daily peak occurred at ∼13:00 IST; (b) 3 July 2005 (A p =7) a day of weak Electrojet, TEC value goes down to ∼41 TECU, and the TEC peak occurred at ∼15:00 IST. (c) 5 December 2005 (A p =3), an afternoon counter Electrojet day, TEC shows two maxima one at around ∼12:00 IST and second at ∼16:00 IST. TEC maximum is ∼42 TECU. In (d) we have shown the effect of morning counter Electrojet. It is clearly visible that on the morning counter Electrojet day, daily TEC peak has not occurred at all and a broad and flat TEC variation is seen. This may be due to the inhibition of EIA on this day because of the downward E×B drift in the fore noon hours.
On strong EEJ days, the EIA also intensifies transferring more plasma to the crest region and on the counter EEJ day, the anomaly is suppressed and TEC shows low values near the crest region. Thus our results suggest that EEJ fully controls the EIA, and hence the distribution of F-layer plasma in the low latitude ionosphere. These results also agree with the results shown by Rama Rao et al. (1983) and Rastogi and Klobuchar (1990) .
In order to see the latitudinal distribution of TEC and its relation with EEJ, we have derived contour plots of TEC with respect to local time and magnetic latitude for three quiet days, but with different Electrojet conditions, using GAGAN GPS data of five stations: Trivandrum (0.5 • N Geomagnetic), Bangalore (4.58 • N Geomagnetic), Hyderabad (9.2 • N Geomagnetic), Bhopal (15.2 • N Geomagnetic) and Delhi (20.38 • N Geomagnetic). All these stations are around the common longitude belt of 77-78 •Ė . In Fig. 9a , the contour TEC plot for the day of 25 December 2005 suggests that, due to counter Electrojet anomaly peak occurred with ∼35 TECU only. The peak was delayed upto ∼16:00 IST. This is also the case with the morning counter Electrojet. On such days anomaly is totally inhibited with a spatial extent of ∼6 • north. This supports our above presented result for our low latitude station. Due to inhibition of EIA, plasma will not get transfered to higher latitudes. On 23 October 2005, the EEJ peak strength was 31. The anomaly peak occurred at ∼14:00 IST with ∼45 TECU and it extended up to 10 • north, Fig. 9b . In Fig. 9c , it is clearly seen that on the day of strong Electrojet, 20 October 2005, anomaly peaks at a comparatively high value of ∼55 TECU and earlier at 14:00 IST. The latitudinal extent is ∼14 • north. On the counter Electrojet day the anomaly can not be developed fully, hence peaks, at lower latitude with low magnitude, are observed. Again, the control of Electrojet on EIA and the low latitude TEC distribution is clearly demonstrated. Dabas et al. (1984) reported that the equatorial Electrojet has a pronounced influence on TEC over a large latitudinal belt starting from the equator to 25 • N dip latitude. Rama Rao et al. (2005) have shown that equatorial Electrojet controls the altitude of the lifted plasma and the location of the crest of the equatorial ionization anomaly, the higher the Electrojet strength the higher the altitude to which plasma is lifted at the equator and the farther the location is of the crest of the equatorial ionization anomaly. They have shown the spatial variation of TEC and dependence of EIA on EEJ using GPS data of 7 stations of the GAGAN network. Our results agree with this study showing positive dependence of EIA on EEJ.
The statistical correlation between EIA strength and EEJ strength is presented in Fig. 10 . It shows that EIA strength increases as the EEJ peak value increases. There is a good linear correlation between EIA strength and EEJ peak value. The scattered points around the regression line may be due to other factors contributing to the day-to-day variability of TEC, although only magnetically quiet days are considered in this analysis. 
Summary
The present paper describes the TEC variations (diurnal, seasonal, and solar activity dependent and under disturbed geomagnetic conditions) for the low solar activity period (2005) (2006) (2007) at the low latitude station Rajkot (near anomaly crest; 22.29 • N, 70.74 • E, Geographic, 14.29 • N Geomagnetic). Typically, the diurnal profile of the TEC maximizes at about 14:00 LT, with a minimum in the pre-dawn period. The maximum TEC observed during this span of observations is on the quiet (A p =7) 10 May 2005 with diurnal peak value of ∼71 TECU. On this day, the solar 10.7 cm radio flux was ∼109.5. The minimum TEC value observed on the quiet (A p =5) day of 23 January 2007 with a diurnal peak value of ∼19 TECU. The value of the solar radio flux for the particular day was 69.2 sfu. The results presented show a good positive correlation between solar activity and TEC values. During the geomagnetic storm of 24 August 2005, the TEC variation shows typical low latitude characteristics being highest on the storm day and lower on the next consecutive day. The SSC occurred during the daytime, therefore, TEC increments on the storm day can be explained in terms of prompt penetration of the electric field (IEFy=29.53 mV/m on 24 August 2005) which raises more plasma to higher altitude through the fountain effect which diffuses along the magnetic field lines up to higher latitudes. TEC depletion on 25 August may be due to thermospheric neutral composition changes caused by Joule heating at auroral latitudes as confirmed from the TIMED/GUVI images. The pre-storm enhancement on 23 August 2005 is due to the enhanced zonal electric field or vertical drift (Lui et al., 2008) . Our results indicate that low latitude TEC magnitude and daily peak time depends on the EEJ conditions. The latitudinal variation of TEC derived from the data of 5 GAGAN GPS stations, further show that the EIA parameters, viz, the anomaly peak value, time and latitudinal extent are greatly controlled by EEJ. EIA is completely inhibited on the day of morning counter Electrojet, resulting in a lower TEC value at Rajkot.
